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Abstract— Electromagnetic (EM) fields at radio frequencies
(RF) cannot penetrate deep into media with high conductivity
such as sea water, wet soil, etc. However, moving to the ultralow
frequency (ULF) range (300 Hz-3 kHz) allows a considerable
range of communication due to the decreased medium loss at
low frequencies and a possibility to use the penetrating near
field. Magnetically coupled coils are commonly used for near-
field magneto-inductive (MI) communication. Alternatively, it is
possible to create ULF magnetic fields of sufficient amplitude by
rotating permanent magnets. In this work, a ULF magnetic field
generator has been created using a rotating permanent magnet.
It has been shown that the proposed field generator outperforms
a conventional coil source (23 dB of field strength for the same
volume and dissipated power that is 0.35 W), which can be a con-
siderable advantage for low size, weight, and power applications.
A method to produce amplitude shift keying (ASK) modulation
signals using a modulation coil was proposed and analyzed. It was
demonstrated that the inductance of the modulation coil is not
critical for achieving acceptable modulation ratios, which opens a
possibility for a compact ASK generator design. A simple circuit
model and analytical formula for modulation efficiency of the
generator were proposed and validated by measurement.

Index Terms— Magneto inductive (MI) communication, near
field, rotating permanent magnet.

I. INTRODUCTION

AGNETO-INDUCTIVE (MI) communication is a

technique commonly used for underwater or under-
ground communication or wireless power transmission, in
biomedical applications [1]-[8]. In MI communication, the
transmission and reception are accomplished using two coils
which are normally tuned to resonance to ensure maximum
efficiency [9], [10].

Alternatively to the coils, permanent magnets can be used
for both receiving [2] and generating [11], [12] the penetrating
near field, although the intended applications in [2] and [11]
are limited to wireless power transfer and biomedical uses.

In this article, we propose the design of a mechanical
magnetic field generator, including the carrier modulation
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Fig. 1. Diametrically magnetized cylindrical magnet R6036DIA.

method, and compare its efficiency to the conventional coil
sources.

II. MI FIELD GENERATOR

A time-changing magnetic field is created each time the
orientation of the magnetic moment of the permanent magnet
is altered.

The magnetic field of the permanent magnet (at the direction
of its magnetic moment) at sufficiently large distances is given
by [13]

Hnom
2xr3

where r is the distance from the magnet and m is its magnetic
moment. In the quasi-static approximation (which is quite
accurate for the near field) the magnetic field vector at the
observation point would roughly follow the direction of the
magnetic moment vector (at least when the magnetic moment
changes direction by 180°, the magnetic field vector would
also flip the direction), allowing a time-changing field by
changing the orientation of the magnetic moment of the
magnet.

The easiest way to create a periodic magnetic field is to
rotate a permanent magnet over the axis perpendicular to its
magnetic moment. This method was used in the mechanical
generator prototype with a diametrically magnetized cylindri-
cal magnet [14] (Fig. 1).

The dimensions of the magnet are the following: outer
diameter—3/8 in (9.525 mm), inner diameter—3/32 in
(2.38 mm), length—3/8 in (9.525 mm), and the mass is 4.77 g.

As shown in Fig. 2, the magnet is placed on a brass shaft,
which is rotated by two high-speed dc motors [15].

The shaft is connected directly to the rotors of the motors,
such that the magnet is supported by the bearings of the

B(r) =

(1
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Fig. 2. Prototype of the mechanical magnetic field generator.

Fig. 3. Magnetic field detection coil.

motors. Two motors are used to increase the torque and avoid
the need for additional bearings. It should be noted that the
permanent magnet should be placed at a considerable distance
from the motors (around 1 cm), otherwise the interaction
between the rotating magnet and the magnets inside the motors
prevents them from running. The entire structure is supported
by a plastic chassis. The rotation frequency is determined
by the dc voltage applied to the motors and can reach
nominally 56000 r/min, which corresponds to 933 Hz. In the
experiments, a frequency close to 700 Hz was reached, which
corresponded to 2.5 V dc voltage. Achieving higher rotation
speeds requires a well-balanced set-up to avoid excessive
vibration.

To detect the magnetic field generated by the magnet a
simple solenoid coil was used (Fig. 3).

The coil had a diameter of 60 mm and 48 turns of 22 AWG
wire.

The probe factor of the coil, defined as the ratio of the
magnetic B field at the coil location to the voltage induced at
the coil terminals, can be calculated analytically. According
to Faraday’s law the voltage induced at the terminals of the
coil exposed to the uniform magnetic field can we written as
follows:

dB
Veoil = —N - AE (2)

where N is the number of turns in the coil, A is the area of
the coil cross section, and B is the magnetic field parallel to
the axis of the coil.
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Fig. 4. Validation of the receiving coil probe factor using a Helmholtz coil.

For the harmonic magnetic field with complex amplitude B
at frequency w, (2) can be written as follows:

Veoil = —JwOBNA 3)
and the probe factor is, therefore,

B

Vcoil

1

= — )

Acoil =

For the dimensions listed above, the probe factor is A.p;; =
(7.4/w)[T/V]. The calculated probe factor was validated using
a Helmholtz coil that creates almost a uniform magnetic field
close to its axis (Fig. 4). The difference between the actual
induced voltage in the receiving coil and predicted using the
calculated probe factor was 1.3 dB. Such an error was deemed
acceptable.

The magnetic moment of the permanent magnet can be
found by integrating the residual magnetization of the magnet
B, over its volume V [2]

B,

—dv. 5)
vV HO

The calculation can be simplified by assuming a uniform
residual field inside the volume as follows:
BV

o

Using the average value of the residual field (B,) for
R6036DIA provided by the manufacturer (1 T), the magnetic
moment of the magnet can be estimated using (6) as m =
0.51 A-m?.

According to (1), the amplitude of the magnetic field at
1 m from the magnet can be estimated as —140 dBT, which
agrees well with the measured value of —141 dBT obtained
by measuring the voltage induced in the receiving coil and
applying the probe factor to it. The achieved rotation speed
of 700 Hz corresponded to 0.35 W of power consumed by the
motors. This value will be used as a reference for the efficiency
comparison in Section III. Field strength at greater distances
can be calculated using (1). The useful communication range
can be estimated based on the known sensitivity of the receiver.

m =

m

(6)
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IIT. COMPARISON OF EFFICIENCIES OF COIL AND
ROTATING MAGNET MI SOURCES

Of course, similar field intensities can be achieved by a
conventional coil structure driven by the sinusoidal current.
Furthermore, new coil designs—e.g., metamaterial, ferrite core
coils, or MIMO—were proposed recently to enhance the
magnetic field or improve channel capacity. The magnetic
field of a multiturn coil with a ferrite core can be increased
by about 10 dB over its air core counterpart [16]. However,
high permeability materials are susceptible to saturation in the
presence of strong magnetic fields [17] which does not allow
use of these solutions at magnetic field strengths comparable
to that of permanent neodymium magnets (around 1 T).

Using metamaterials increases the effectiveness of the
coil significantly [18], [19]. Unidirectional [19], bidirectional
[20], or tridirectional [21] metamaterial coils can generate up
to about a 20 dB stronger field compared to a conventional
coil of the same size at a resonance frequency. Nevertheless,
intrinsic resonance of metamaterial coils would result in a
narrow bandwidth of the communication system and low data
exchange rates because of already low carrier frequencies of
MI communication (typically hundreds of Hz).

To address this problem MIMO coil antenna arrays are
proposed to increase MI communication bandwidth [22]. Each
element in the array is resonant at its own frequency, but the
antenna array as a whole system has a resonant frequency
which might be different from its elements. Although MIMO
antenna arrays improve channel capacity in MI communica-
tions, the need for multiple coils increases the volume, cost,
and complicates the design process of the system.

As will be demonstrated further, the proposed mechanical
generator can generate up to about 24 dB stronger magnetic
field compared to a conventional coil of the same size, which
is comparable with recently reported field enhancement with
metamaterial coil (for equal efficiencies) [18], [19]. This might
be an important factor for low size, weight, and power applica-
tions. In contrast to the metamaterial coils which are designed
to work at a resonance frequency with limited bandwidth,
the proposed mechanical generator allows tuning the carrier
frequency easily just by changing the rotation speed of the dc
motors and modulate at fast rates.

The efficiency of the near field generator is difficult to define
rigorously because if the radiation loss is neglected (which is
the case in this study), such a generator does not dissipate any
energy through the magnetic field. Nevertheless, the energy is
dissipated in the generator itself (in the motor or in the coil due
to the ohmic loss in the wire). Since the role of the generator
is to produce the magnetic field of a certain intensity, it makes
sense to define the efficiency as the generated field intensity
per amount of power lost in the generator. Following this
definition, the generators can be compared by, for example,
amount of lost power needed to generate fields of equal
intensity, or alternatively by the field intensity corresponding
to the same power of loss. The latter definition is used further
in this study.

Another important parameter is the volume occupied by
the generator. It is easy to create a coil that would produce
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Fig. 5. Photograph of a typical coil illustrating the parameter definition of
the coil model.

a stronger field than the permanent magnets (for equal lost
power), but at the expense of occupying a considerably larger
volume.

This can be demonstrated by considering the following coil
model. Suppose a copper wire of diameter D, is wound
around the cylindrical air core of radius R, in N; turns and
N layers (Fig. 5).

The magnetic field generated by each turn at a distance r
along the axis of the coil core can be calculated as follows
[23]:

ol R?
B, = _ HofRy 7

22+ R’

where [ is the current in the turn and R; is the turn radius.

Because of the layered structure of the coil model all turns
have different radii, and the distance to the observation point
is also different due to the length of the coil. In order to
simplify the field calculation, the following approximations
are used: 1) the distance to the observation point is equal for
all turns (which corresponds to the case when the distance to
the observation point is much larger than the length of the
coil) and 2) the mean turn radius R,, is used for all turns,
which is calculated as follows:

R, = Rmin

- Rmax

2

where Ryin = Re— (2t + Dy)/2 and Ryax = Rpmin+Ni(Dyw+
2t) are the minimum and maximum radii of turns, respectively,
and r is the thickness of the insulator which is considered to
be 10% of the wire diameter in (8).

The field generated by the coil is, therefore, calculated as
follows:

+ Rmin (8)

IR?
Beoit = =l o 3Nf
NG

It is obvious that by increasing the current in the coil, it is
possible to achieve any desired field strength. Therefore, to
make the comparison to the mechanical source meaningful,
the dissipated power in the coil is required to be equal to the
power consumed by the rotating magnet source achieved in the
experiment described above (0.35 W). This condition ensures
equal efficiencies of both sources in terms of dissipated power

©)
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per unit of the generated magnetic field (in the case of equal
field strength generated).
The current in the coil is therefore calculated as follows:

I = V Pmagnet/Rcoil

where Ppagner = 0.35 W and R is the resistance of the
coil wire

(10)

pPLw

A, Y

Reoit =
where p is the copper resistivity (1.73-107% Q-m), L,, is the
wire length, and A,, = 7(D,,/2)? is the cross-section area of
the wire. The length of the wire is estimated as follows:

Ly =27 Ry [N/ Ny (12)

where N; is the number of turns and [-] is the operator of
rounding up to the nearest integer which is needed to avoid
a physically impossible number of turns (N;) to number of
layers (V) ratios below 1.

The volume occupied by the coil is calculated as follows:

Veoil = Acoichoil (13)

where Acpii = 7[Rmin + Nj(Dy, + 21)]* is the cross-section
area of the coil, Leoyy = (Dy + 2t)[Ny/N;] is the length of
the coil.

The coil model has therefore four parameters: number of
turns Ny, number of layers N;, wire diameter D,,, and core
radius R..

The optimal coil design is defined as creating the largest
possible magnetic field strength (at a given distance) for a
specified volume. Since both field strength (9) and volume (13)
are nonlinearly related to the parameters of the coil, analytical
optimization is problematic, and a random one is performed
instead. To perform the random optimization, all parameters of
the coil model are represented as random variables as follows:

P, = 10% (14)

where the order of magnitude of the parameter X; =
unif (X", X""%*) is the uniformly distributed random number
on the interval (X;"l”, le"‘”‘), i.e., all parameters are expo-
nentially distributed (this results in more uniform distribution
of designs when plotted in the logarithmic scale). For each
combination of parameters, the field strength at a distance
of 1 m and the coil volume are calculated.

Eventually 50 000 combinations of the input parameters are
analyzed with the limits specified in Table I.

The resulting designs are plotted in Fig. 6 as blue dots
on the field intensity/volume chart along with the orange dot
representing the rotating magnet field source.

As shown in Fig. 6, the coil of comparable volume would
produce the magnetic field which is approximately 24 dB
lower than the field generated by the magnet (—164 dBT
versus —140 dBT).

Therefore, the smallest conventional coil capable of produc-
ing the field of the same strength (for 0.35 W dissipated power
in Fig. 6) would occupy 30 times more space than a rotating
magnet (2- 107> m? versus 6.4 - 1077 m?).

2335
TABLE 1
LIMITS OF THE COIL PARAMETERS
Parameter Minimum Maximum Minimum Maximum
order X™" | order X™** | value P™" | value P™%¥
Number of 0 2 1 100
turns
Number of 0 2 1 100
layers
Wire -5 -3 0.01 mm 1 mm
diameter
Core radius | -2 -1 1cm 10 cm
-130r
-140 +
-150F
-160
= 1701
-
o -180f
-190
=200 F
= Coil
=210 * Magnet
Magnet with modulating coil
-220 : . . ! E— . )
10" 10 1w0* w7 1w 10’ 1wt 10?107
N m’

Fig. 6. Comparison of magnet and coil sources in terms of field strength at
1 m and occupied volume.

To organize a bidirectional communication, the system
needs to be equipped with a receiver. Potentially the magnet of
the mechanical generator can be used as a mechanical detector
of magnetic field [12]; however, the feasibility of this approach
requires additional investigation. Alternatively, the modulation
coil, which is introduced in Section IV, can be used as the
receiving antenna. Of course, introduction of the additional
coil increases the overall volume occupied by the system.

IV. ASK MODULATION METHOD FOR THE ROTATING
MAGNET GENERATOR

The source of continuous sinusoidal signal is virtually
useless for communication and requires a modulation method.
The easiest way to achieve modulation in the rotating magnet
generator is to change the rotation frequency implementing
the phase or frequency modulation of the generated signal.
However, due to large inertia of the magnet and low torque and
power of the high-speed motors, only very small modulation
bandwidths can be achieved using this method.

Alternatively, an amplitude modulation (or more precisely,
amplitude shift keying—ASK) can be achieved by placing the
rotating magnet inside a modulation coil loaded by a variable
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SRCI1

Fig. 7. Model of the AM for the rotating magnet source.

resistor (a switch) such that the magnetic field vector rotates
in the longitudinal plane of the coil. The principle of operation
of this method is demonstrated by the following analysis.

The magnet placed inside the modulation coil will generate
the inductive electromotive force (EMF) in it. The magnet
itself is not affected by the coil (assuming that the back EMF
effect is neglected). In this case, the magnet can be represented
by a coil driven by an ac current source, which is coupled to
the modulation coil. Both the magnet and the modulation coil
are coupled to the receiving coil. The entire model is shown
in Fig. 7.

The inductor L1 driven by the ac current source SRC1 rep-
resents the rotating magnet. The inductor L2 (modulation coil)
is relatively strongly coupled to the inductor L1 (magnet) and
is loaded by the resistor Rs (switch). Both coils L1 and L2 are
weakly coupled to the receiving coil L3. The coupling in
the circuit is described by the coupling coefficients kjp =
Mi2/~/LiLy, ki3 = M3//L1L3, and ko3 = Ma3/+/L2L3.
Since the coils L1 and L2 are in the vicinity of one another, and
the coil L3 is placed at a large distance from both L1 and L2,
the following conditions are true: k12 > ki3 and k12 > ko3.

The current 7 in the inductor L1 is set by the current source
which induces the EMF in the inductor L2; at the same time,
the contribution of the current in the inductor L3 to the current
in L2 is negligible because of the weak coupling; therefore,
the EMF induced in the L2 is

Vo= —joM» 1 (15)
and the current in L2 is
jooM (51
L =—JeMet (16)
Ry + joLs

Both currents /; and I» induce the EMF in the inductor L3

V3 = —joMizh — joMlh. (17

By substituting (16) into (17), the EMF V3 can be expressed
as follows:
@?(Mi3Ly — M12Ma3) — joMi3R;
Ry + joL» '

Va=1 (18)
Equation (18) describes the steady state amplitude of the
voltage induced in the receiving coil, which depends on the
resistance of the switch R;.

Assuming the resistance of the switch is infinite in the open
circuit condition R, = oo and is equal to some constant
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value in the short-circuit condition R . = Ro (representing
the residual resistance of the switch and the resistance of
the modulation coil), two possible amplitudes of the induced
voltage can be found as follows:

w*(My3Ly — M12M23) — joMi3Ry
Ro + jols

V3,sc =1
V3,oc = jCOM1311. (19)
Two different amplitudes in (19) allow implementing the
ASK modulation with the ratio of values (modulation ratio)
Vise  (Mi3Lo — MioM3) — jMizRo/o
V3,0c iMi3Ro/w — Lo M3 '

Expressing the mutual inductances through the coupling
coefficients shows the modulation ratio is

k13 (1 + jjgz) — ki2ko3
—k13 (1 + j:jgz)

Introducing the effective coupling coefficient from the mag-
net to the receiving coil

K = (20)

K =

21

Ky =k (14 20 (22)
13 = K13 jol,
the modulation ratio can be expressed as follows:
k
K =kn—2 —1. (23)
k13

In the case when the resistance of the switch/coil is negligible
relative to the reactive impedance of the modulation coil (i.e.,
when Ry < |jwL3]|), the modulation ratio becomes

K = k12@ — 1.
ki3

In this situation, the modulation ratio is determined solely
by the coupling coefficients between the magnet (L1) and
modulation coil (L2), between both of them to the receiving
coil (L3), and does not depend on coil inductances. In practice,
the short circuit resistance is not always negligible, which
increases the absolute value of the modulation ratio (23) (i.e.,
makes the modulation less efficient) relative to (24).

The ratio between the amplitudes (23) can be related to the
modulation index, which is the ratio between the modulation
amplitude (or half difference between the modulation levels
M = (V3,0c — V3,0cK)/2 = V3,0c(k12k23)/2) and the carrier
amplitude (or the average between two modulation levels A =
(V3,0¢ + V3,0cK) /2 = V3 0¢(2k}5 — k12k23)/2) as follows:

M 1—-K ki2ko3
mp=— = = — .
A 1+ K 2k5 — k12k23

The analysis presented above is simplified, as it does not
take into account transitions between the high/low impedances
in the modulation coil and assumes steady state signals for
both states of the modulation coil (short and open). However,
as numerical simulation of circuit in Fig. 7 shows, the accuracy
of estimation (25) is good. For example, the first harmonic of
the sideband of the voltage in the receiving coil V3 obtained
numerically for Ry =0, k;2 =0.8, k;z =kz =1 10~* with

(24)

(25)
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Fig. 8.  Spectrum of the AM voltage in the receiving coil for Ry = 0,

ko1 = 0.8, fe = 1kHz, fap = 123 Hz, and 50% duty cycle. Obtained using
the transient analysis.

p Switching circuit

/AM signal ]

/ generator
LN

!
Modulation coil .~

Receiving coil

DC motor

AM signal
generator:
V=10V,
f=10-500 Hz
50% duty
cycle

voltage controlled

¢ Oscope
switch o 4 v DC source

Switching
circuit

Modulation
coil

Receiving coil

ASK modulation prototype.

Fig. 9.

fe = 1 kHz and fay = 123 Hz, and 50% duty cycle has a
value of —7.5 dBc as Fig. 8 demonstrates.

A similar value can be determined using the approximated
analysis presented above. In a one-tone AM modulation,
the carrier to sideband ratio is m 457 /2. In the circuit at Fig. 7,
the modulation is performed using a rectangular signal, which
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Switching
ose
AM signal \
generator
\oe e J = ]
V=10V
f=10-500Hz
50% duty cycle
Fig. 10. Circuit for the ASK modulation.
%1077 Amplitude Modulation D=1m
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Fig. 11. Measured time domain waveform of the AM signal.

has an increased amplitude of the first harmonic compared
to the sinusoidal signal of the same amplitude. The value of
the first harmonic of the rectangular waveform of amplitude
M is My = (4M/m)sinz (t,/T), where 1), is the pulsewidth,
and T is the period of the signal. For the 50% duty cycle
signal with unit amplitude, the first harmonic amplitude is:
M| = (4/x). Therefore, the relative amplitude of the first
harmonic of the sideband estimated using (25) for ko1 = 0.8
is 1 = (ma/2)My = (kiokas/2ki3 — k12k23)(2/7) = 0.42,
corresponding to —7.44 dBc, which is very close to the value
obtained by a circuit simulator.

To test the ASK modulation method described above,
the rotating magnet was placed inside the coil as illustrated
in Fig. 9. The coil in Fig. 9 was shorted by the parallel chan-
nels of six low-channel resistance MOSFETS (TPHR6503PL,
on-channel resistance 0.4 mQ), driven by the signal generator
at 10-500 Hz as shown in Fig. 10.

A typical signal induced in the receiving coil in the set-up
in Fig. 9 is shown in Fig. 11, demonstrating ASK modulation.
As shown in Fig. 11, frequency of the carrier and the modu-
lation signals are about 440 and 107 Hz, respectively, with a
modulation ratio of about 0.32.

Even though no optimization of the ASK prototype was
performed, the size of prototype (1.88 - 107> m?) is close to
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Coil 2- modulation

2mm 62 mm Coil 1- magnet

Coil 3- receiving

Fig. 12.  EM model for the coupling coefficient calculation.

the smallest coil (1.8 - 107> m?) capable of producing the
field of the same strength (see Fig. 6). Further minimization
of the modulation system might create the mechanical source
out-performing the conventional MI coil. Knowing that the
modulation ratio in ideal circumstances does not depend on
the inductance of the modulation coil, it might be possible to
create the effective ASK system even with smaller modulation
coil. An obvious solution would be to wind the modulation coil
as close to the magnet as possible. However, as experiments
show, when the modulation coil becomes too strongly coupled
to the magnet, the inductive force applied to the magnet when
the modulation coil is switched becomes too strong, which
leads to undesirable effects such as carrier frequency decrease,
increased power consumption, and parasitic frequency modu-
lation.

V. ESTIMATION OF THE COUPLING BETWEEN THE
MAGNET AND THE MODULATION COIL

In order to design the magnetic generator with ASK the
coupling coefficients k12, k13, k3 need to be estimated.
This can be achieved using electromagnetic (EM) simulation.
A magnetostatic solver in CST [24] can be used to determine
the coupling coefficients in a model shown in Fig. 12.

The model corresponds to the prototype in Fig. 9, with three
coaxial coils. Coils 2 and 3 reproduce the dimensions of the
modulation and receiving coil, and coil 1—roughly the dimen-
sions of the magnet (the magnet shape cannot be modeled
exactly because its magnetic moment rotates perpendicular to
the magnet symmetry axis).

The simulation in Fig. 12 resulted in the following values
of the coupling coefficients: kj» = 0.14, k3 = 0.0376, and
ki3 = 48 - 10~*. The inductance of the modulation coil is
34.3 uH and its resistance is 26 mQ. Using the values above,
the absolute value of the modulation ratio was calculated
according to (23). Also, the modulation ratio was measured
by recording waveforms similar to one in Fig. 11 at different
carrier frequencies. Both measured and calculated ratios are
presented in Fig. 13.

As Fig. 13 demonstrates, the EM simulation with (23)
estimates the modulation ratio with acceptable accuracy.

VI. CONCLUSION

Analysis of the rotating permanent magnet in terms of its
efficiency was conducted. It was demonstrated that the rotating
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Fig. 13. Measured and calculated modulation ratio.

magnet source outperforms a conventional coil source by a
large margin (23 dB of field strength for the same volume and
dissipated power), which might be a considerable advantage
for low size, weight, and power applications.

A method to produce ASK signals using a modulation coil
was proposed and analyzed. It was demonstrated that the
inductance of the modulation coil is not critical for achieving
acceptable modulation ratios, which opens a possibility for a
compact ASK generator design. A simple circuit model and
analytical formula for modulation efficiency of the generator
were proposed and validated by measurement. Besides modu-
lation, the modulation coil can be used as a receiving antenna
in a bidirectional communication system.

Modulation coil increases the overall volume of the system,
reducing its efficiency to the levels comparable to that of the
conventional coil generator. Further optimization of the system
is needed to surpass the coil generator efficiency.
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